By expanding the atomic density matrix in powers of the light intensity, it is possible to derive simple formulas for the light shifts and optical broadening of magnetic-resonance lines in optical pumping experiments, Thus, we have obtained for the first time approximate analytic formulas for the light shifts in Zeeman multiplets with spins greater than 1/2. The predicted light shifts for a high-spin atom are similar to those for a spin-1/2 atom, and shifts due to real and virtual transitions can be identified. However, in contrast to the situation with a spin-1/2 atom, the light shifts for a high-spin atom depend on the magnitude of the rf field, and the shifts for the longitudinal and transverse components of orientation and alignment are not necessarily the same.
I. INTRODUCTION
A number of optically pumped devices, for instance, magnetometers and gas-cell frequency standards, have become important practical instruments in recent years. The precision of these devices is limited by several factors, but one of the most characteristic and unavoidable sources of instability is the light-induced frequency shift and broadening of the magnetic resonance lines. Although these light shifts are understood in principle, their control and elimination as a source of error is difficult. One of the major problems is that so far it has only been possible to make detailed theoretical predictions of the light shifts for nondegenerate magnetic resonance transitions. For instance, Cohen-Tannoudji' derived simple formulas for the light shifts in Hg'", which has only two ground-state sublevels. Similar formulas have been derived for the light shift of the "0-0 transition'" of an alkali-metal atom, and for the gm =1,~E=0 tra. nsitions of an alkali-metal atom' in magnetic fields large enough to resolve these transitions from each other. In To avoid these difficulties we may develop a power-series expansion of (12). Ca11
The scalar product of two basis tensors is
The effective excited-state Hamiltonian operator is (20) Vfe shall expand p on the irreducible basis tensors
The irreducible tensors form a complete set of basis states for l p& so 
x" lP ') =x"(AZ)" l0&. (27) In view of (26) In summary, (42) and (39}imply that to first order in x the unmodulated transmission monitoring signal will be a linear combination of the line-shape factors (10 jA j10) and (20 jA j20), the transmission monitoring signal which is modulated at the rf frequency will be a linear combination of (11 jA j10) and (21jA j20), and the transmission monitoring signal which is modulated at twice the rf frequency will be proportional to (22 jA j 20).
F. Light shifts and line broadening
The first-order polarization of (39) is a, good approximation to the real experimental situation only if the pumping rate is very small. The resonance curves (LMjA j LO) exhibit the proper rf power broadening (see Fig. 2} , and the polarization is predicted to be proportional to the light intensity. A serious defect of the first-order solutions is that the predicted width and center frequency of the resonance curves is independent of the light intensity. It is well known that the pumping light broadens and shifts the magnetic resonance lines. Also, although we expect the polarization to be proportional to the light intensity for sufficiently weak pumping light, the polarization must eventually saturate and become independent of the light intensity for sufficiently intense light. %e can account for the saturation of the polarization and for the optical broadening and the light shift by including higher-order terms in the series expansion (16) .
Before proceeding to a more analytic treatment of the light shifts we shall illustrate our basic approach with a concrete example. In Fig. 3 
We see that each component (LM' jZ j L'M') of the pumping operator can generate a correcting lineshape factor (I.M jA j LM')(L'M' jA j L'0) to the firstorder line-shape factor (LM jA j LO) of the resonance. Since the second-order contribution to the polarization is a factor of x smaller than the firstorder contribution, the correction will not cause a major change in the resonance line shape as long as x is much less than unity (cf. Fig. 3 ).
In Appendix A we shalj. show that the real and imaginary parts of (LM jA j LM') always have a well-defined parity with respect to reversal of the sign of (e -u). The parties of the real and imaginary parts are always opposite each other and are given by parity of Re(LM jA j LM') = (-1)" ", parity of Im(LMjA jLM") =(-1)" " (44) Now, let us examine the parities of the first-order and second-order contributions to the polarization of (43). We note that (43) can be separated into real and imaginary parts as follows:
In view of (44) Re(LM' j 2 j I. 'M'), and it is corrected by a function of opposite parity multiplied by Im&L4f' j Z j L'M'). Since a small opposite-parity correction causes a shift in the magnetic resonance line (cf. Fig. 3) Fig. 2} . Equation (51) The light-shift parameters g", a", b", and b"are listed in Table I (61) where a and 5 were already defined in (57) where the rotation operator 6t is (cf. Fig. 1) parts of (LM~A~LM') have well-defined parities with respect to (~, -cu) and that parity of Re(LM }A } LM') = (-1 p ", parity of lm(LM~A~LM') = (-1)" " " . ( Table II From (A8) and (A5) we deduce that
Let us now examine the parity of the matrix elements (LM~A~L M') with respect to reversal of the sign of (&u -~) . From Fig. 1 ( 811) Equations (87)- (811) II E we showed that the light shifts were proportional to the imaginary part of g. Consequently, there will be a part of the light shUt which is proportional to the asymmetry parameter g"and we can identify this part of the shift as the "shift due to virtual transitions. " 
That is, g is diagonal in M. This is a conse- (821) is an expression of the conservation of atoms.
In conclusion, we give the explicit form of the matrix elements of the pumping operator Z: 
